Abstract. Most studies of oocyte apoptosis have been performed in vitro and have employed the method of artificial induction of apoptosis by an anti-cancer agent. However, the process of oocyte death in vivo has not been clearly identified. To investigate the death process in unfertilized oocytes in vivo, we examined the cytochemical change of oocytes collected by oviduct flushing at various intervals after hCG injection. At each collection time, the collected oocytes were phenotypically classified under the microscope into four groups: single-cell oocytes (non-activated and without a nucleus and cytokinesis), activated oocytes (single-, 2-or 4-cell with a nucleus), fragmented oocytes, and dead oocytes. The number of single oocytes decreased and dead oocytes increased with the lapse of time, but the number of activated oocytes or fragmented oocytes did not. Also, most of the dead oocytes observed were single cell. At each time point, single oocytes were stained with anti-tubulin antibody to examine their spindle status. At 24 h after hCG injection, all ovulated oocytes had a normal bipolar spindle, while at 64 h all single-cell oocytes had no spindle. From these observations, we concluded that most oocyte deaths in vivo occur in the single oocyte stage, not in activated or fragmented oocytes.
ost cells in the animal body have a limited life span. Accordingly, functionally feeble cells are disposed of and new cells take on their functions. Ovulated oocytes degenerate and disappear, disposed of in the oviduct unless they are fertilized within a limited time after ovulation. This prevents fertilization of feeble ovulated oocytes and is critical to producing healthy embryos and offspring. The disposal mechanism occurs by two processes: necrosis and apoptosis [1] . The apoptotic process is characterized by the morphological feature of apoptotic body formation from nuclear and cytoplasmic fragmentation [2] , and by the biochemical feature of up-regulation of pro-apoptotic proteins and down-regulation of anti-apoptotic proteins [3] .
Previous studies have shown that oocyte death is caused by an apoptotic process [4] . Some apoptosis-related genes have been detected in human oocytes [5] , and caspase activation and nuclear fragmentation have been confirmed in mouse oocytes [6] . Also, oocyte apoptosis induced by a chemotherapeutic drug was found to be inhibited in mice deficient in caspase-2 or acidic sphingomyelinase [7, 8] , and also by overexpression of anti-apoptotic protein Bcl2 in the ovary [9] . Previous studies of phenotypic observation of oocytes have shown that oocyte apoptosis is closely related with their cytoplasmic fragmentation [10, 11] . Most studies of oocyte death have been performed in vitro and death has been artificially induced by an anti-cancer agent [4, [7] [8] [9] . In the present study, we investigated the death process of unfertilized oocytes in vivo by examining cytochemical changes of oocytes 
Materials and Methods

Oocyte collection
CD-1, Swiss albino female mice were used at 21-23 days of age. To obtain ovulated oocytes, mice were injected with 5 IU pregnant mare's serum gonadotrophin (PMSG), and 48 h later with 5 IU hCG. Fresh ovulated oocytes were collected from the ampulla at 16 h after hCG injection. Cumulus cells were removed by treatment with 0.1% (w/v) hyaluronidase (Sigma Chemical Co, St Louis, MO, USA) in modified Whitten's medium [12] for 2 min. Other oocytes were collected by flushing of the oviduct at 24, 40, 48 and 64 h after hCG injection. Modified Whitten's medium containing 0.4% bovine serum albumin (BSA, Fraction V; Gibco-BRL Life Technologies, Grand Island, NY, USA) and 0.1% hyaluronidase pre-warmed to 37 C were used for flushing.
Oocyte classification
Under microscopy, oocytes were classified into four groups: (1) single oocytes that were without a nucleus and cytokinesis; (2) activated oocytes that were single-celled or symmetrically divided into two or four cells with a nucleus; (3) fragmented oocytes that had more than four asymmetric cells; (4) dead oocytes that were brown and with indistinct plasma membrane. 
Oocyte staining
Results
In this study, we used immature mice to obtain freshly ovulated oocytes, ruling out the possibility of obtaining oocytes ovulated in the last cycle. Freshly ovulated oocytes were collected by curetting the dilated ampulla of oviducts at 16 h, while oocytes at other stages were collected by oviduct flushing at 24, 40, 48 and 64 h after hCG injection. The numbers of collected oocytes at 16, 24 and 40 h post hCG injection were similar, but significantly fewer oocytes were collected at 48 and 64 h ( Table 1 ). The oocytes collected at each time point were denuded with hyaluronidase and observed under a microscope. Figure 1 shows images of four different oocyte phenotypes observed under the microscope. As mentioned in Materials and Methods, two or four-cell oocytes that had divided symmetrically were classed as activated oocytes if they had a nucleus. Dead oocytes were identified by their indistinct plasma membrane, when compared with single, activated and fragmented oocytes.
As shown in Table 2 , the number of single oocytes decreased and dead oocytes increased with the lapse of time. Dead oocytes were first observed at 40 h and their number rapidly increased to 52% at 48 h. However, there was no significant change in the number of activated oocytes or of fragmented oocytes over the period of observation. Most of the dead oocytes observed were single cell (Table 2) , but some dead oocytes were activated or fragmented. Single oocytes were also examined by staining with anti-tubulin antibody to determine their spindle status. Figure 2 shows the normal bipolar spindle, an abnormal half-spindle, and a cell with no spindle. Although not shown in this figure, abnormal spindle phenotypes also include weak spindles and astral microtubules [14] . The spindle structure was found to disappear gradually with the passage of time; 62% of single oocytes had abnormal or no spindle phenotypes at 40 h, and 80% at 48 h.
Discussion
In general, the estrus cycle of the laboratory mouse repeats at four-to five-day intervals. Unfertilized oocytes must be disposed of in the oviduct during this period to ensure that sperm Total number of oocytes includes four kinds of oocyte : single (non-activated), activated, fragmented and dead oocytes. Single oocytes (not activated) were further examined by immunostaining with anti-tubulin antibody. Single oocytes that had abnormal spindles, including half spindles or no spindles, were discriminated from single oocytes that had a normal bipolar spindle.
meet newly ovulated oocytes. In our results, the number of oocytes collected by oviduct flushing at 48 and 64 h after hCG injection were significantly decreased as compared with those at 16, 24 or 40 h. This shows that most dead oocytes were absorbed in the oviduct after 48 h. In our in vivo study, the dead oocytes were first detected at 40 h after hCG injection. After this period, their number rapidly increased. In our in vitro culture system, dead oocytes were first observed at 96 h after hCG injection (data not shown). This suggests that some factors and/or oviductal circumstances accelerate the oocyte death process.
Oocyte fragmentation or activation is not a prerequisite for their death, as there were no significant changes in the number of activated oocytes or fragmented oocytes during the period we studied. Also, most dead oocytes observed in this study were single oocytes ( Table 2) . A previous study demonstrated that caspase inhibitor could inhibit oocyte apoptosis but did not inhibit its fragmentation [6] .
In mouse post-ovulatory aged oocytes, spindle abnormality, including short or half spindles, has been observed [14] . In our study, 62% of single oocytes had a half spindle or no spindle at 40 h, and 80% of single oocytes had no spindle at 48 h. This suggests that abnormal spindles, including half spindles, are those in the course of disappearance. These phenotypic changes in vivo strongly suggest that oocyte death occurs at the single oocyte stage rather than after activation and/or fragmentation. Also, spindle disappearance from single oocytes is more closely related to the process of oocyte death than is their activation or fragmentation. A previous study in mammalian cells has shown that cytoskeletal disruption accelerates caspase-3 activation [15] . increased after the elapse of hCG injection. Scale bar : 50 µm.
